Hispanic Americans of Caribbean origin are a fast-growing subset of the US population, but there are no studies on bone density, microstructure and biomechanical integrity in this minority group. In this study, we aimed to compare Caucasian and Caribbean Hispanic postmenopausal American women with respect to these characteristics. Thirty-three Caribbean Hispanics were age-matched to thirty-three Caucasian postmenopausal women. At the lumbar spine, the Hispanic women had significantly lower areal bone mineral density (aBMD). At the radius by high-resolution peripheral quantitative computed tomography (HR-pQCT), there were minimal differences between Hispanic and Caucasian women. At the tibia, Hispanic women had lower trabecular volumetric bone density and trabecular number, and higher trabecular separation. Individual trabecula segmentation (ITS) analyses indicated that at the tibia, Hispanic women not only had significantly lower bone volume fraction, but also had significantly lower rod bone volume fraction, plate trabecular number, rod trabecular number and lower plate-plate, plate-rod and rod-rod junction densities compared to Caucasian women. The differences in bone quantity and quality contributed to lower whole bone stiffness at the radius, and both whole bone and trabecular bone stiffness at the tibia in Hispanic women. In conclusion, Hispanic women had poorer bone mechanical and microarchitectural properties than Caucasian women, especially at the load-bearing distal tibia.
INTRODUCTION
Osteoporotic fractures are associated with significant morbidity and mortality in older men and women. 1 It is estimated that the prevalence of osteoporosis will increase exponentially over the next several decades and that most of this increase will be in races other than Caucasian. 2 Bone density and risk of fracture varies according to race. [3] [4] [5] [6] [7] Fracture risk is lower among African American and Asian women compared with Caucasian and Hispanic women aged 50-80 years, while there are no reported differences between Caucasian and Hispanic women. 8 African Americans have higher areal bone mineral density (aBMD) as assessed by dual energy X-ray absorptiometry (DXA) than Caucasian women at the spine and hip. 9 The associations between aBMD and risk of fracture may also differ among racial groups. For example, a one standard deviation decrease in aBMD was associated with a 1.49 times increase in fracture risk in Caucasian women, but a 1.37 times increase in African American women. 3 Existing data on bone mass and fracture risk in Hispanic women are derived almost exclusively from those of Mexican descent. [10] [11] However, recent genetic ancestry studies have reported that the genome of Hispanics of Mexican descent is comprised of mostly European and Native American ancestry with very low African ancestry, while Caribbean Hispanics have significantly more African ancestry in their genome. 12 Although higher African genetic ancestry could be associated with higher bone mass and lower fracture risk, there are virtually no data on Hispanic women from the Caribbean. Furthermore, bone geometry and structural properties also contribute to bone strength and therefore influence fracture risk in Hispanic American women, whether of Mexican or Caribbean descent, are currently not available. Although the incidence of hip fractures in Caucasians has declined in the past decade, 18 it has increased 19 or remained stable in Hispanic Americans. 20 As the population and life expectancy of Hispanic Americans are expected to increase in the next few decades, 21 there is a need to examine the characteristics of bone mass and bone microstructure in Hispanic Americans. Recently, high-resolution peripheral quantitative computed tomography (HR-pQCT) has been used to evaluate three-dimensional (3D) microstructure at the distal radius and tibia. [22] [23] [24] [25] Analysis of 3D microstructural parameters furthers our understanding of bone quality beyond aBMD measured by DXA. HR-pQCT has previously been used to elucidate racial differences in bone structure. For example, postmenopausal Chinese-American women have thicker and denser cortical bone at the radius and higher trabecular bone volume fraction at the tibia than Caucasian women. [26] [27] In addition, HR-pQCT-based micro finite element (mFE) analyses have revealed that Chinese-American premenopausal women have higher estimated stiffness at the distal radius and tibia than Caucasian women. 28 Individual trabecula segmentation (ITS) can be applied to HR-pQCT scans to segment the trabecular network into individual trabecular plates and rods, and provides an in-depth examination of the 3D microstructural characteristics through a series of independent ITS parameters. 16 ITS analysis of HR-pQCT scans has shown that Chinese-American women have higher plate bone volume fraction and higher plate number density at the distal radius and tibia compared to Caucasian women, leading to a greater plate to rod ratio and greater trabecular connectivity. [28] [29] Because Caribbean Hispanic women have higher genetic admixture of African ancestry, we hypothesized that they would have better bone microstructure and bone strength than Caucasian women. We examined the differences in aBMD, bone microstructure and estimated bone mechanical competence in two groups of American postmenopausal women: Caucasian and Hispanic of Caribbean origin.
MATERIALS AND METHODS

Subjects
Postmenopausal women were recruited at Columbia University Medical Center (CUMC) by advertisements, flyers and at primary-care offices. Participants were excluded if they had a history of low trauma fractures, but there were no aBMD requirements for inclusion. Race/ethnicity was categorized by self-report. Inclusion criteria were self-reported full Caribbean Hispanic or Caucasian descent (all four grandparents) with residence in the United States. Women were excluded if they had a history of low trauma fracture, endocrinopathy (e.g., untreated hyperthyroidism, Cushing's syndrome, prolactinoma), celiac disease or other gastrointestinal diseases, abnormal mineral metabolism (e.g., osteomalacia, primary hyperparathyroidism), malignancy except for skin cancer and drug exposures that could affect bone metabolism (e.g., glucocorticoids, anticonvulsants, anticoagulants, methotrexate, aromatase inhibitors, thiazolidinediones). Women using hormone replacement therapy or raloxifene were permitted to participate. Women who had ever used teriparatide, or who had taken bisphosphonates for more than 1 year were excluded. All subjects provided written informed consent and the Institutional Review Board of CUMC approved this study.
Areal bone mineral density by DXA We measured aBMD of the lumbar spine (LS), total hip (TH), femoral neck (FN), one-third radius (1/3R) and ultradistal radius (UDR) by DXA (QDR-4500; Hologic Inc., Walton, MA, at Columbia University Medical Center). Scans were performed by dedicated technologists, certified by the International Society for Clinical Densitometry. T scores compared participants with young-normal Caucasian populations, provided by each manufacturer.
HR-pQCT images of the distal radius and distal tibia All participants were scanned at CUMC by HR-pQCT (XtremeCT; Scanco Medical, Brü ttisellen, Switzerland) at the non-dominant forearm and matching ankle as previously described. 24, [30] [31] [32] The HR-pQCT measurement included 110 slices, corresponding to a 9.02 mm section along the axial direction, with a voxel size of 82 mm. After each scan, the operator examined the reconstructed images and participants with severe movement artifact were rescanned. Each image was assigned an image grade from 1 (no motion) to 5 (severe blurring and streaks) by a trained technician. Repeat scans were performed if the original scan was graded 4 or 5. Quality control was provided by scanning the European Forearm Phantom. The mineralized phase was thresholded according to the standard patient evaluation protocol. 33 We measured total, cortical and trabecular areas, total, cortical, and trabecular volumetric BMD, cortical thickness, trabecular number, trabecular thickness and trabecular separation. 34 The in vivo reproducibility of HR-pQCT in our center was 0.55%-1.25% for density measures, 0.16%-1.25% for area measures and 3.65%-5.22% for trabecular microstructure measures (unpublished data). The accuracy of HR-pQCT measures has been validated through comparisons with mCT measured parameters on cadaveric subjects. 22 Bone differences in Caucasian and Hispanic women B Zhou et al 2
ITS-based morphological analyses of HR-pQCT images
We used ITS on the trabecular compartment to evaluate the plate-and rod-related microstructural parameters ( Figure 1 ). Briefly, digital topological analysis-based skeletonization 35 was first applied to transform the trabecular bone image into a reduced structural skeleton while preserving the topology. [36] [37] [38] Digital topological classification was performed and each skeletal voxel was uniquely classified as either a surface or a curve type. Using an iterative reconstruction method, each voxel of the original image was classified belonging to either a plate (surface) or a rod (curve). Based on the 3D evaluations of the trabecular bone network, the following parameters were evaluated: plate and rod bone volume fraction (pBV/TV and rBV/TV); plate and rod number density (pTb.N and rTb.N, mm
21
); plate-rod ratio (PR ratio); axial bone volume fraction (aBV/TV); plate and rod trabecular thickness (pTb.Th and rTb.Th, mm); plate trabecular surface (pTb.S, mm 2 ); rod trabecular length (rTb.,, mm); trabecular connection densities between plate-plate, plate-rod, and rod-rod (P-P Junc.D, P-R Junc.D and R-R Junc.D, mm
23
). We also performed a direct measure of bone volume fraction (BV/TV) calculated as the voxels occupied by bone divided by total voxels. The predictive ability of ITS at limited resolutions was also validated through a comparison of ITS parameters based on HR-pQCT images and those based on mCT images for the same subject. 39 Finite element analyses of HR-pQCT images Each thresholded HR-pQCT whole bone image and trabecular bone compartment image of the distal radius and tibia was converted to a mFE model by converting each voxel to an eight-node brick element. Bone tissue was modeled as an isotropic, linear elastic material with a Young's modulus of 15 GPa and a Poisson's ratio of 0.3. 40 For each model of whole bone or trabecular bone, a uniaxial compression test was performed to calculate the reaction force under a displacement equal to 1% of the bone segment height along the axial direction. Whole bone stiffness, defined as reaction force divided by the applied displacement, characterizes the mechanical competence of both cortical and trabecular compartments and is closely related to whole bone strength 41 and fracture risk. [42] [43] [44] Similarly, trabecular bone stiffness characterizes the mechanical competence of trabecular bone compartment. We also calculated the percent of the load carried by the cortical compartment at the distal and proximal surfaces of the bone segments. All the mFE analyses were performed by using a customized elementby-element, preconditioned conjugate gradient solver. 45 Statistical analysis Results for DXA, HR-pQCT, ITS and FE are expressed as mean6standard deviation (s.d.). To examine group differences according to race/ethnicity, aBMD, microstructure and FE parameters were first compared by analysis of variance. Analyses were then adjusted using a general linear model with BMI as covariate to assess its influence on the comparisons. We considered P,0.05 to be statistically significant. All analysis was performed using SAS (Version 9.1; SAS Institute Inc, Cary, NC, USA).
RESULTS
We studied 66 postmenopausal women: 33 Hispanic women of Caribbean origin and 33 age-matched (62 years) Caucasian women who had participated in a previous study of bone quality. 24, [31] [32] On average, Hispanic women were shorter (P50.002) and had a higher BMI than Caucasian women (P50.03). Years since menopause, family history of osteoporosis, use of vitamin D supplements, serum 25OHD level, raloxifene, bisphosphonates and hormone-replacement therapy did not differ between Hispanic and Caucasian women. Calcium supplements, alcohol and tobacco use were significantly lower in Hispanic women ( Table 1) . Measurements of aBMD by DXA differed between the groups, but only at the spine (Table 2) . Compared with Caucasian women, Hispanic women had lower aBMD at the lumbar spine (by 7.8%), with no differences at the forearm and hip. Their lumbar spine aBMD remained significantly lower after adjusting for BMI.
By HR-pQCT of the distal radius, bone size was similar and there were no differences in trabecular parameters between Caucasian and Hispanic women. Cortical density was lower in Hispanic women (by 4.2%) ( Table 3) . After adjusting for BMI, the lower cortical density remained significant in Hispanic women, who also had lower cortical thickness and lower total bone density than Caucasian women. In contrast, at the tibia, cortical thickness and density did not differ between Caucasian and Hispanic women, 
before or after adjustment for BMI. However, Hispanic women had lower trabecular density (by 12.2%, P50.04), lower trabecular number (by 9.4%, P50.03) and greater trabecular separation (by 16.2%, P50.02) than Caucasian women, and these differences persisted after adjusting for BMI. After adjusting for BMI, total bone density was also lower in Hispanic than Caucasian women (P50.04). Trabecular microstructure was evaluated further by ITS (Table 4) . At the radius, the pattern mirrored that seen by the standard HR-pQCT analysis: there were no betweengroups differences in trabecular plate or rod microstructure, before or after adjusting for BMI. However, at the tibia, Hispanic women had significantly lower directly measured bone volume fraction, rod BV/TV, plate and rod trabecular number, and lower trabecular plate and rod connectivity including P-P, P-R and R-R junction densities, but significantly higher rod trabecular length (rTb.,) than Caucasian women (Figure 1 ). After adjusting for BMI, all differences remained significant. The microstructural differences revealed by HR-pQCT and ITS were consistent with differences in mechanical properties between the racial groups (Table 5) . At the radius, there was no difference in unadjusted calculated mechanical parameters between Caucasian and Hispanic women. After adjusting for BMI, whole bone stiffness of Hispanic women tended to be lower than Caucasian women. At the tibia, trabecular bone stiffness was significantly lower in Hispanic women, before and after adjusting for BMI. After adjusting for BMI, whole bone stiffness was significantly lower in Hispanic women. In addition, compared to Caucasian women, a significantly higher proportion of the mechanical load in Hispanic women was carried by cortical bone at the distal ends, both before and after adjusting for BMI.
DISCUSSION
The expanding population of Hispanic Americans in the United States combined with data demonstrating the potential for an increasing number of future fractures in this population underscores the importance of examining bone density and quality in this group. 8 To our knowledge, most studies comparing skeletal differences among Caucasian and Hispanic women have focused on aBMD by DXA and primarily evaluated Hispanics of Mexican descent. [46] [47] In this study, we utilized standard in vivo HRpQCT and advanced imaging technique ITS in addition to DXA, and compared microarchitectural and mechanical properties between Caucasian postmenopausal women and Hispanic postmenopausal women of Caribbean descent. With HR-pQCT, Putman et al. 48 found 
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that African American postmenopausal women had larger bone size, higher trabecular number and higher cortical thickness than Caucasian women, differences that could result in stronger bone and lower fracture risk in African American women. As Caribbean Hispanics have significant African ancestry in their genome, 12 we 
hypothesized that our Hispanic subjects would have better bone microarchitecture and stiffness than Caucasian women. Contrary to our hypothesis, we found that Caribbean Hispanic postmenopausal women had lower areal BMD by DXA at the spine, both before and after adjustment for BMI, and that aBMD did not differ at the hip or forearm. By HR-pQCT, they had lower total and cortical volumetric density and a trend toward thinner cortices, but no differences in trabecular volumetric BMD or microarchitecture at the radius. In contrast, at the tibia, a different pattern emerged-cortical parameters were similar, while trabecular volumetric density was lower and trabecular microarchitecture was of poorer quality. ITS, which decomposes the trabecular network into individual trabecular plates and rods and directly calculates plate/rod related structural parameters such as plate/rod number and thickness, plate surface and rod length, provided additional insights into trabecular morphology at the tibia, beyond those detected by HR-pQCT. Specifically, ITS revealed lower directly measured trabecular bone volume fraction, fewer plates and rods and lower plate and rod connectivity in Hispanic than Caucasian women. These trabecular differences translated into lower estimated whole bone and trabecular bone stiffness at the tibia in Hispanic than Caucasian women. The ITS findings advanced the standard morphological analysis of HR-pQCT and are consistent with previous clinical results with ITS technology. 28, [49] [50] Although contrary to our hypothesis, the aBMD differences between Caucasian and Caribbean Hispanic women in this study are similar to previous reports of Hispanic women of Mexican descent. After adjusting for BMI, Morton et al. 46 reported that Hispanic women had significantly lower aBMD at the lumbar spine but not at the hip. In contrast to our findings, studies from the National Health and Examination Survey reported that Hispanic women of Mexican descent had lower aBMD at the hip compared to Caucasian women. 51 BMI was found to be significantly correlated with aBMD. 52 Putman et al.
53
also found the differences in radius cortical thickness and tibia bone size between patient with cystic fibrosis and controls were from BMI. In this study, to eliminate the BMI effect and examine the underlying bone microstructural and mechanical differences between Hispanic and Caucasian women, we incorporated BMI as covariant in the general linear model. At the loading bearing distal tibia, the Caucasian women in our study, despite being lighter, had better trabecular bone quality than Hispanic women in terms of plate and rod trabecular number, P-P, P-R and R-R junction densities. We found that the differences in BV/TV at the tibia were due to lower rod BV/TV. Interestingly, previous studies have shown that rBV/TV does not contribute significantly to overall trabecular bone stiffness. 54 However, microstructure evaluated by both HR-pQCT and ITS at the radius, a site which does not experience significant loading, did not differ significantly between Caucasian and Hispanic women, excepting that axial BV/TV tended to be higher in Caucasian women. The effect of the clinical covariates known to affect bone quality was also examined in the general linear model, including calcium supplements, tobacco and alcohol use. The differences between Hispanic and Caucasian women remained the same after adjusting those parameters.
To investigate potential differences in bone mechanical competence between the groups, we performed FE analyses on both the whole bone and the trabecular compartment. FE analysis of the whole bone was used to examine overall bone mechanical competence, which is related to bone size, geometry and microstructure. After adjusting for BMI, whole bone stiffness at the radius was significantly higher in Caucasian than Hispanic women, while trabecular bone stiffness was similar. Thus, the higher radius bone stiffness in Caucasians is likely related to their thicker cortices. At the tibia, Caucasian women had both higher trabecular and whole bone stiffness than Hispanic women, likely due to better trabecular microstructure.
This study has several limitations. The number of participants was small and recruitment was not populationbased. Thus, the differences we observed could be due to ascertainment bias, as women concerned about their Bone differences in Caucasian and Hispanic women B Zhou et al 6 bone health might have been more likely to participate. We studied only postmenopausal women, and thus we cannot address whether the differences we observed reflect peak differences in bone mass and microarchitecture or arise during and after transition through menopause. DNA was not collected from the participants, so we cannot assess whether genetic contributions to bone mass, microarchitecture and stiffness differ between Caucasian and Hispanic women. In addition, we did not assess factors such as physical activity which may affect bone microstructural properties and should be considered in future studies. The racial identification is made through self-reporting, which is not necessarily ideal. A recent study has shown that the self-reporting race has an overall 87.2% accuracy in classifying all races and 72% accuracy particular in Hispanics. 55 Our future studies should consider using genotyping a set of ancestry informative markers for racial characterization. Factors such as body composition including fat and lean mass were also not considered in this current study. They could add interesting additional information and will be considered in our further studies. From a technical perspective, the voxel size of the HR-pQCT images, 82 mm, is close to the width of a single trabecula, and several routine HR-pQCT trabecular parameters are calculated, rather than directly measured. In addition, there are several strengths of this study. To our knowledge, it is the only study to evaluate volumetric bone mass, microarchitecture and stiffness in Hispanic women from the Caribbean basin. Hispanic women were matched for age to Caucasian women. It is also the only study to apply both standard HR-pQCT and advanced ITS measurements and FEA to this group of women. All three techniques have been systemically validated against the gold standard of mCT imaging. 22, 39, 56 The finding that Hispanic women have similar, or in some respects worse, skeletal integrity than Caucasian women is surprising as they were significantly heavier and their genetic background includes African ancestry. It is also of concern and suggests that they may be at similar or even higher risk for postmenopausal osteoporotic fractures. Thus, the results of this study suggest that larger, population-based studies are needed to confirm these findings and to examine the contributions of genetics, obesity, cultural and environmental factors to their skeletal deficits. In summary, we used HR-pQCT, ITS and mFE analysis to compare bone mass, microstructure and stiffness in Caucasian and Caribbean Hispanic postmenopausal women. Hispanic women had lower areal BMD by DXA at the spine, and poorer bone mechanical and microarchitecture properties than Caucasian women, especially at the load-bearing distal tibia. These results suggest that bone quality is poorer than expected and raises the concern that risk of osteoporotic fractures may be higher than expected in Hispanic postmenopausal women of Caribbean origin, who comprise a significant proportion of the Hispanic population in the United States.
